Global positioning system (GPS) offers a perfect solution to the 3-dimension(3D) navigation. However, the GPS-only solution can't provide continuous and accurate position information in the unfavourable environments, such as urban canyons, indoor buildings, dense foliages due to signal blockage, interference, or jamming etc. A pedestrian dead reckoning (PDR) system integrating the self-contained inertial sensors with GPS receiver is proposed to provide a seamless outdoor/indoor 3D pedestrian navigation. The MEM sensor module attached to the user's waist is composed of a 3-axis accelerometer, a 3-axis gyroscope, a 3-axis digital compass and a barometric pressure sensor, which doesn't rely on any infrastructure. The positioning algorithm implements a loosely coupled GPS/PDR integration. The sensor data are fused via a complementary filter to reduce the integral drift and magnetic disturbance for accurate heading. The four key components of the PDR algorithm: step detection, stride length estimation, heading and position determination are described in detail and implemented by the microcontroller. The step is detected using the accelerometer signals by the combination of three approaches: sliding window, peak detection and zero-crossing. The step length is estimated using a simple linear relationship with the step frequency. By coupling the step length, azimuth and height, 3D navigation is achieved. The performance of the proposed system is carefully verified through several field outdoor and indoor walking tests. The positioning errors are below 3% of the total traveled distance. The main error source comes from the orientation estimation. The results indicate that the proposed system is effective in accurate tracking.
Introduction
Pedestrian tracking and navigation is extensively applied in military, scientific, and commercial applications and has attracted significant attentions in the recent years. Global positioning system (GPS) has widely been used in the most open sky environment, which can provide accurate velocity, time and 3-dimensional absolute position information from a few meters to centimeters [1] [2] . However, due to the effects of the signal attenuation, satellite geometric distribution and multipath [3] , the accuracy of GPS signal is degraded in thick forest, dense urban canyons, and indoor buildings [4] . It is difficult to obtain a seamless indoor/outdoor positioning for any GPS-only technology [5] . To bridge the outages of GPS signal, the effective solution is to integrate the GPS information with other position approaches. There are two main methods for indoor positioning. One method is to utilize a local network mounted at the tested locations (beacon-based method), such as ultrasound, infra-red, WiFi, UWB, RFID, Zigbee, vision and so on [6] [7] [8] . However, the deployment of the local network based on infrastructures is generally difficult and time-consuming [1] .The second method is to utilize the deadreckoning methods with the self-contained sensors mounted on the person to locate, which is termed as pedestrian deadreckoning (PDR). The PDR is a preferable solution in pedestrian navigation since it does not require any outside preinstalled infrastructures. The combination of inertial sensors and GPS receiver will achieve high accurate pedestrian positioning in both outdoor and indoor environments [9] [10] . From a known starting point, the PDR solution integrates the user's step length and orientation estimation at each detected step to compute the user's relative position. The low-cost, small size and weight inertial measurement units (IMU) are required in consideration of it being easily attached to the user's body. The Micro-Electro-Mechanical (MEM) inertial sensors are suited. The MEM inertial sensors, such as accelerometers, gyroscopes, magnetic sensors and so on, are integrated into the PDR system to provide the information for estimating the position. Nevertheless, cheap MEM sensors are sensitive to drift errors. And small errors of the gyroscope signals can accumulate into large angular errors in the orientation. Thus, the suitable hardware and the corresponding algorithm of the PDR system should be carefully designed to improve the PDR positioning accuracy [3] [6] [7] . The PDR system can be mounted on the user's waist, leg, foot [11] or even the head. The waist location is near the gravity center of the human and is the most reliable position for heading estimation [6] . The waist-mounted PDR approach can identify the motions by using only a IMU [12] .
This paper proposes a pedestrian dead reckoning system, which integrates a GPS receiver, a 3-axis accelerometer, a 3-axis gyroscope, a 3-axis digital compass and barometric pressure sensor. The wearable IMU is mounted on the user's waist. The positioning algorithm implements a loosely coupled GPS/PDR integration. The inertial sensor data are fused by a complementary filter. The paper is organized as following. Section 2 introduces the PDR system. The data collection methods, step detection, stride length estimation, heading and position determination are described in section 3. The filtering algorithm will also be discussed in detail. Section 4 performs an evaluation of several outdoor and indoor localization tests. The experimental results are presented to demonstrate the effectiveness of the system. Conclusions are given in section 5.
System Description
To select proper sensors, many factors, such as size, weight, cost, dynamic range, sampling rate, bias and power consumption, should be considered [1] . The inertial sensor module integrates a 3-axis accelerometer and gyroscope MPU6050, a 3-axis digital compass HMC5883 and barometric pressure sensor MS5611. The gyroscope, accelerometer, and digital compass are orthogonally mounted in the sensor module [1] . The module is solidly attached to the user's waist. The accelerometer and gyroscope features 16-bit analog-to-digital converters (ADCs) for digitizing the accelerometer and gyroscope outputs, providing I 2 C or SPI port. The microprocessor chip STM32F407 is the core part of the hardware system. The accelerometer, gyroscope and digital compass communicate with the core via an I 2 C port, while the barometer communicates via an SPI port. The ublox LEA-5 GPS module communicates with the core via a UART interface. The structure of the system is shown in Fig.1 . The GPS signal and PDR algorithm are coupled to implement the positioning. When GPS signal is available, the final position and heading of the pedestrian derive directly from the GPS output signal. The GPS information can also be utilized to calibrate the errors of the inertial sensors. When GPS signal is not available, PDR algorithm is triggered to provide the relative position with respect to the last GPS fixed point. Thus, a seamless indoor/outdoor highprecision position is formed. The fusion of digital compass, gyroscope and accelerometer is used to estimate the heading through a complementary filter. The step detection and stride length estimation are performed by accelerometer signal. The position is propagated with the step length and azimuth. The height information is obtained from the barometric pressure sensor. The 3D navigation is obtained. 
Algorithm
PDR algorithm contains three main aspects: step detection, step length estimation, heading and position determination [2] . The position of the horizontal plane can be deduced from the step length and heading of each step with a known start point. The low-cost MEM sensors are susceptible to drift errors. The integral errors have serious effects on the angle and will result in large errors which cause obvious deviation in the positioning estimation. It is an essential task for PDR algorithms to reduce the bias and correct the position tracking during walking [1] . In this section, the output signals of the sensors are analyzed firstly. Then, the approaches of step detection, step length estimation and heading determination are discussed. The fusing algorithm using the complementary filter for acquiring the high-precision heading information is described. Finally, 3D position estimation is obtained.
Captured Signals
The sensor module is mounted on the user's waist. The circuit is configured to capture the sensor signals at a frequency of 100 Hz. Fig. 2 shows the raw sensor signals acquired in a normal walking test. The route is 60-meter long with three 90 degree turns, which requires 81 steps. The step occurrences can be clearly seen from the signal of accelerometer. The 90 degree turns visualize in the signals of gyroscope and digital compass obviously. From Fig. 2 , it is known that the step occurrences and step length estimation can be gained from the accelerometer measurement, and the user's azimuth can be determined from the digital compass and gyroscope. 
Step Detection
The step detection is a key element of the PDR algorithm. When a pedestrian is walking, the velocity of a foot periodically changes from stationarity, acceleration, deceleration to stationarity again during every step [1] . The accelerometer signal is different due to the various placements of accelerometer on the user's body.
Many kinds of approaches are developed for detecting the step occurrences, such as zero-crossing, peak detection, auto-relation, stance phase detection, zero-velocity update and so on. Which methods adopted depend on the mounted place of the sensor on the user's body [2] .In this paper, the accelerometer is mounted on the user's waist. The proposed method combines zero-crossing, peak detection and time restriction for step detection. The steps are identified by comparing the peak with the threshold and taking the minimum step period into account [3] . The 3-axis accelerometer measures the person's forward, lateral and vertical acceleration respectively. All the three axes of the acceleration signal display the cyclical character during walking. The z-axis acceleration data shows the character of gait most significantly.The total acceleration data derived from three axes is used to identify the step occurrences in this paper. The magnitude for every sample is:
The raw signals of the accelerometer is a little disordered due to the oscillation of the user's body, residual sensor bias and some noise introduced while walking. The disorder may influence the determination of one step's peak, the step length and even cause under or over counting the steps. In order to improve the performance, a smoothing filter is adopted to reduce the effect of disturbance [3] . From the start point of a stride, the three adjacent values are compared to find a maximum in the local area. In order to eliminate the effects of disturbance, a threshold is employed to validate the peak. If the maximum exceeds the predefined threshold, a valid new peak is identified. The time interval of the new peak value with the peak of the most recent step is computed. If the time interval is greater than the time threshold [13] , a new step is detected.The end point of the step is found by zero-crossing [2] .
Stride Length Estimation
The step length estimation is a necessary component of the PDR algorithm to calculate the position of the pedestrian. Three main methods may be used [2] .One method is defining the step length as a constant or several constants varying with ground condition and walk frequency. The method is inaccurate due to the fact that the step length of a person is a time-varying process. The constant step length will accumulate into big error. The second method is utilizing the artificial intelligent model, such as artificial neural network model, fuzzy logic model and so on. The method can estimate the step length accurately. However, the method is so complex that it is difficult to realize by the microcontroller. Another method is developing a linear model between the step length and the step frequency. This is an effective method. When the step frequency is between 1.35 and 2.45, the linear relationship can be expressed as [3] :
where f is the frequency S is the stride length
The time interval between the two valid peaks of the steps is the step period, by which the step length can be assessed.
Heading Estimation
The heading estimation is the very important element of PDR algorithm. The heading can be directly captured from the digital compass with respect to magnetic north. However, the digital compass is prone to suffer from unpredictable perturbation of magnetic field [2] . The dynamic response characteristic is poor. On the other hand, the gyroscope has good dynamic response characteristic. However, the drift of the gyroscope generates big accumulative error during computing. Consequently, the performance of gyroscope and digital compass can be complemented in the frequency domain. The complementary filter can be designed to fuse the sensor data to increase the accuracy and dynamic performance. The proposed algorithm structure of the complementary filter is shown in Fig. 3 . Review 7 (1) (2014) 9 -14 
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The Euler angle representation is used to develop the algorithm to track the heading. The initial Euler angle can be obtained from the accelerometer and digital compass data. The roll, pitch and yaw of the body can be expressed as: 2  sin  2  sin  2  cos  2  cos  2  cos  2  sin   2  sin  2  cos  2  sin  2  cos  2  sin  2  cos   2  cos  2  sin  2  sin  2  sin  2  cos  2  cos   2  sin  2  sin  2  sin  2  cos  2  cos  2  cos   3   2 
The predefined reference direction of the field in the earth frame is:
The reference direction of the field in the sensor frame is:
The predefined reference direction of the earth's magnetic field is
The reference direction of the magnetic field in the sensor frame is:
The error between the measured value and the reference value is: 
3D Position Estimation
The position of the pedestrian can be computed by [14] :
where the subscript k denotes the value at the step k E denotes the East position coordinate N denotes the North position coordinate H denotes the height coordinate ϕ is the heading with respect to the magnetic north Δ H is the height difference S is the stride distance.
The height information can be calculated from barometer measurements, which is helpful to estimate the floor the user located in.
The relationship between the atmospheric pressure and altitude satisfies: 
The Experiments and Results
To validate the performance of the proposed sensor module and PDR algorithm, several walking tests were conducted at shenyang university of chemical technology (SYUCT). All the inertial sensors and GPS receiver were solidly on the circuit board and attached to the user's waist. The circuit collected the data of inertial sensors and realized the positioning algorithm during multiple walks along several trajectories in both outdoor and indoor environments. The circuit was connected by USB to a notebook computer. The sampling frequency was 100 Hz. The notebook computer was used to record the raw sensor data and displacement measurement results outputting from the circuit. The tests were performed without any support from GPS receiver.
Indoor Location Test
The indoor test was carried out on the 3 rd floor corridor in 8 
Test at different heights
The estimated trajectory is not restricted to the XY plane. It can be extended to describe the variation in the vertical direction, such as movements in different floors in a building [15] . The height test experiment is performed inside a fivefloor building. The result is shown in Fig. 5 . 
Conclusion
The hardware integrating GPS receive and low-cost inertial sensors and the corresponding algorithm are proposed for the pedestrian navigation application in indoor environments. No fixed infrastructures are needed in the system. The sensors are restricted to the low-cost, lowweight, low-power MEM sensors. The MEM sensor module is mounted on the user's waist. The step detection, step length estimation, heading and position determination of PDR algorithm are discussed in detail. The heading is determined by fusing the sensor signals using the complementary filter to eliminate the effects of the drift error and magnetic disturbance. The system performance is validated by several field walking tests. The positioning errors are below 3% of the traveled distance. The results demonstrate the reliability and effectiveness of the system. ______________________________
